We present the results from a broadband (1 to 3 GHz), spectro-polarimetry study of the integrated emission from 100 extragalactic radio sources with the ATCA, selected to be highly linearly polarized at 1.4 GHz. We use a general purpose, polarization modelfitting procedure that describes the Faraday rotation measure (RM) and intrinsic polarization structure of up to three distinct polarized emission regions or 'RM components' of a source. Overall, 37%/52%/11% of sources are best fit by one/two/three RM components. However, these fractions are dependent on the signal-to-noise ratio (S/N) in polarization (more RM components more likely at higher S/N). In general, our analysis shows that sources with high integrated degrees of polarization at 1.4 GHz have low Faraday depolarization, are typically dominated by a single RM component, have a steep spectral index, and a high intrinsic degree of polarization. After classifying our sample into radiative-mode and jet-mode AGN, we find no significant difference between the Faraday rotation or Faraday depolarization properties of jet-mode and radiative-mode AGN. However, there is a statistically significant difference in the intrinsic degree of polarization between the two types, with the jet-mode sources having more intrinsically ordered magnetic field structures than the radiative-mode sources. We also find a preferred perpendicular orientation of the intrinsic magnetic field structure of jet-mode AGN with respect to the jet direction, while no clear preference is found for the radiative-mode sources.
INTRODUCTION
A new window into the magnetic universe has been opened by upgraded radio-telescope facilities that allow broadband, continuum-polarization observations at high spectral resolution. The bright radio sky accessible by current facilities is dominated by active galactic nuclei (AGN) through the production of powerful jets of relativistic plasma that emit non-thermal synchrotron radiation. The observed radiation is often highly linearly polarized, which provides important where n e is the free electron number density, B | | is the lineof-sight magnetic field and l is the path length through the magneto-ionic medium, in the indicated units.
Broadband radio polarization science (e.g. Gaensler et al. 2015 ) is a primary driver of upcoming, pre-Square Kilometre Array (SKA), all-sky surveys (e.g. VLA Sky Survey 1 , Australian SKA Pathfinder 2 ), as well as a key science driver for the SKA (The Origin and Evolution of Cosmic Magnetism) 3 . Radio spectro-polarimetry observations provide unique diagnostics on magnetised structures in radio AGN and are critical for resolving degeneracies in the Faraday structure of radio sources (e.g. Farnsworth et al. 2011 , O'Sullivan et al. 2012 . Indeed, accurately characterising the Faraday structure of radio AGN is also important in order to use them as reliable statistical probes of foreground magneto-ionic material, such as the cluster/group environment (Bonefede et al. 2015) , the intergalactic medium (Vacca et al. 2015) , intervening galaxies and the Galactic ISM (Haverkorn et al. 2015) .
Recent broadband polarization studies of typically unresolved radio sources (e.g. Farnes et al. 2014a , Pasetto et al. 2016 have shown the need for high precision spectropolarimetric studies to better understand the complex behaviour of the polarization data. The development of spectro-polarimetric model-fitting techniques, such as various approaches to 'QU-fitting' (e.g. Farnsworth et al. 2011 , O'Sullivan et al. 2012 , Anderson et al. 2016 ) have proven most successful so far in interpreting and accurately recovering the underlying Faraday structure of radio sources (Sun et al. 2015) . However, the field of broadband radio spectro-polarimetry is still developing and several technical and scientific interpretation challenges must be overcome before this field can reach its scientific potential (c.f. Farnsworth et al. 2011 , O'Sullivan et al. 2012 .
One of our main motivations in this current work is to determine the origin of the observed difference in the integrated polarization properties of radio AGN with different host galaxy accretion states (O'Sullivan et al. 2015; OS15) . The study of OS15 used a large statistical sample of 1,611 radio AGN based on narrowband data at 1.4 GHz from the NRAO VLA Sky Survey (NVSS; Condon et al. 1998) , and with optical spectra classification from the Sloan Digital Sky Survey data (Best & Heckman 2012, and references therein) . In classifying the host galaxy accretion states, we follow the terminology of Heckman & Best (2014) in which they divide AGN into 'radiative-mode' and 'jet-mode' AGN. The radiative-mode AGN are those with strong, highionisation, optical emission lines powered by accretion rates onto the central supermassive black holes in excess of ∼1% of the Eddington limit, with about 10% producing powerful radio jets (also known as 'quasar-mode', 'cold-mode', or 'high-excitation radio galaxies'). The jet-mode AGN have weak or non-existent optical emission lines, possibly due to radiatively-inefficient accretion, with the bulk of their energetic output coming from their radio jets (also known as 'radio-mode', 'hot-mode', or 'low-excitation radio galaxies'). Differences in the accretion states of AGN host galaxies is generally considered to be due to the large scale gaseous environment (i.e. cold/hot gas reservoir possibly leading to radiative-mode/jet-mode AGN, Hardcastle et al. 2007 ).
The radio data used in OS15 were limited in several respects. Firstly, it was at two adjacent frequency near 1.4 GHz, which severely limited the ability to investigate the effect of depolarization. Secondly, it had poor angular resolution (45"), which meant that essentially all sources were spatially unresolved and it was not possible to study the magnetic field structure of the sources. To investigate further, we have obtained broadband polarization data with the Australia Telescope Compact Array (ATCA; Wilson et al. 2011) to determine the origin of the difference in the integrated magnetic field properties of the two broad classes of radio AGN. The new observations have broad enough frequency coverage to provide high precision measurements of the amount of depolarization local to each source and distinguish between the intrinsic magnetic field properties of the source and the magneto-ionic material causing the depolarization.
In Section 2, we describe the construction of our sample, the data reduction and imaging, as well as our approach to the polarization modelling. Section 3 contains our results and Section 4 presents our discussion. The conclusions are listed in Section 5. Throughout this paper, we assume a flat ΛCDM cosmology with H 0 = 67.3 km s −1 Mpc −1 , Ω M = 0.315 and Ω Λ = 0.685 (Planck Collaboration et al. 2014) , and define the spectral index, α, such that the observed total intensity (I) at frequency ν follows the relation I ν ∝ ν +α .
DATA ANALYSIS

Sample construction and observations
The target sources were selected from Hammond et al. (2012) which provides redshifts for 4003 polarized radio sources from Taylor et al. (2009) . In this sense it is a 'highpolarization' selected sample, since Taylor et al. (2009) only included sources with peak polarized intensities greater than 2.4 mJy and with degrees of polarization greater than 0.5% (see Lamee et al. 2016 for a catalog not selected on high polarized intensity). The selected sources are limited to the declination range from −30 • to −40 • (the southern limit of the NVSS). The −30 • Dec limit was chosen to maintain a high quality synthesised beam for high resolution imaging with the ATCA in the 6-km (6A) array configuration. All sources are also at least 20 degrees in latitude away from the Galactic plane. This resulted in a total of 162 sources which were observed under the C2913 program name with the ATCA in the 16 cm band (1.1 to 3.1 GHz, at 1 MHz spectral resolution) and the 4 cm band (4.5 to 6.5 GHz and 8 to 10 GHz, at 1 MHz spectral resolution), for 108 hours from 2014 April 19 to 2014 April 28. The required integration time for each source varied based on detecting the band-averaged integrated polarized flux of each source at 10 times the noise level. In practice, many sources had detections much greater than this level due to the additional requirement of good uv-coverage (∼ 6 cuts spread evenly across a 12 hour synthesis) to produce images of sufficient quality to resolve sources into core, jet and lobe components. Three days of observations (April 22, 23 & 27) suffered from technical problems and the data were unreliable for the present analysis. This resulted in a reduction in the number of sources to a final sample of 100. The sources have integrated total intensities at 2.1 GHz ranging from 10 mJy up to 1.7 Jy. Figure 1 shows a histogram of the integrated Stokes I at 2.1 GHz for all sources.
The 2dF (Colless et al. 2001 ) and 6dF (Jones et al. 2009 ) optical host galaxy spectra 4 were used to manually identify the sources as either radiative-mode (prominent emission line spectra) or jet-mode AGN (quiescent galaxy spectra lacking prominent emission lines). In all cases, the manual classification was obvious enough to not require multiple independent identifiers to avoid subjective selection of radiative-mode or jet-mode classes. This resulted in the classification of 60 radiative-mode and 40 jet-mode AGN in our sample. Figure 2 shows the redshift distribution of our sample, split into the radiative-mode and jet-mode classes.
4 http://www.2dfgrs.net/, http://www.6dfgs.net/
Data reduction
The data were calibrated using standard techniques in the software package Miriad. PKS B1934-638 was used as the bandpass and primary flux density calibrator at both 16-cm and 4 cm bands. The presence of radio-frequency interference (RFI) in the 16 cm band resulted in the removal of a large fraction of data (∼30% of the full band and effectively all data at frequencies lower than 1.3 GHz). Target sources were grouped on the sky such that each group had a nearby secondary complex gain and leakage calibration source whose time-dependent calibration solutions, at 128 MHz intervals, were applied to each target source in that group.
Imaging
Three broadband total intensity images were created for each source using the Miriad task mfclean from 1.3 to 3 GHz, 4.5 to 6.5 GHz and 8 to 10 GHz. This provided total intensity images with angular resolutions ranging from ∼ 10" to 1", allowing us to resolve the structure of double-lobed sources with a projected separation of 10 kpc throughout our full redshift range (0.01 to 2.8). Sources that remain unresolved in the highest resolution image are most likely blazars or very compact radio galaxies (e.g. compact symmetric objects, Gugliucci et al. 2007 ). For our spectropolarimetric analysis, all sources were imaged with natural weighting at 10 MHz intervals from 1.3 to 3 GHz, with the data tapered to the beam-size at the lowest frequency and smoothed to a common resolution. For the present analysis to be consistent across all sources (resolved and unresolved), the integrated Stokes I, Q and U flux in each image was extracted. The source boundary was defined by convolving the 1.3 to 3 GHz total intensity image with the beam-size of the lower-resolution 10 MHz images. The I, Q and U flux densities were then integrated in each 10 MHz image down to the 10% contour of the 1.3 to 3 GHz image. The error in the I, Q and U fluxes was determined from the rms noise in a nearby off-source area and modified for the number of independent beams sampled for the resolved sources. To prepare for the polarization model fitting, the frequency-dependent fractional q and u values were calculated by dividing the integrated Stokes Q and U by the Stokes I values, as determined from a polynomial fit to the total intensity data. The technique of RM synthesis (Burn 1966 , Brentjens & de Bruyn 2005 was applied to generate Faraday dispersion functions for each source. These results were not used in our analysis except for obtaining an estimate of the signal-to-noise ratio of the detection of polarized emission and in generating band-averaged polarized intensity images.
For the present analysis we have not conducted a spectro-polarimetric analysis of the 4 cm data. The main reason is that we cannot reliably combine the data from the 16 cm band and the 4 cm band for our polarization modelling (Section 2.4). Firstly, there is a significant mis-match in the short wavelength uv-coverage in the 4 cm band due to the 6 km array configuration that was used for both bands (2.7 kλ at 1.3 GHz versus 9.4 kλ at 4.5 GHz and 16.7 kλ at 8 GHz). This is problematic for a large fraction of our resolved sources where we are likely resolving out emission in the 4 cm band (46 sources have angular sizes larger than the maximum angular scale at 4 cm of ∼22"), as well as significantly reduced signal-to-noise due to the heavily resolved polarization structure. Secondly, since we model Stokes Q/I and U/I without accounting for changes in the spectral index, we wish to avoid modelling the polarization data in sources where the total intensity spectral index changes in a significant manner (e.g. from steep to flat). Thirdly, the majority of the unresolved sources have flat or inverted spectral index values which means they are subject to significant opacity effects which our polarization modelling approach does not account for, and this effect would be exacerbated by including the 4 cm band data. Finally, as shown in Anderson et al. (2016) , in terms of Faraday effects, the addition of 4 cm band data mainly has the effect of enhancing sensitivity to strongly depolarized components that probably arise in the complex inner regions of AGN. These components do not usually contribute significantly to the emission at 16 cm, and thus do not generally improve reconstruction of the source structure from 16 cm data. Thus, in the proceeding analysis we only use the 4 cm data for studying the total intensity source morphologies.
Extracting the polarization and Faraday rotation parameters
To accurately describe the broadband polarization and Faraday rotation measure (RM) behaviour of our sources, we use the QU-fitting and model selection technique described by O'Sullivan et al. (2012) . To capture a broad range of possible Faraday rotation behaviour, we use a model for the complex polarization (P) which describes the effects of both random and uniform magnetic fields (e.g. Sokoloff et al. 1998, eqn. 41) .
(2) where for each j th complex polarization component or "RM component", p 0, j is the intrinsic degree of polarization, ψ 0 j is the intrinsic polarization angle, ∆RM j and σ RM j describe RM variations from uniform and random magnetic fields, respectively, and I is the integrated flux of the source. The linear polarization angle is defined as usual, ψ = 1 2 arctan u q . Figure 3a shows the behaviour of the polarization fraction (p = q 2 + u 2 ), described by Eqn. 2, for a single RM component as a function of wavelength-squared for different combinations of σ RM , the RM dispersion, and ∆RM, the RM gradient (the parameters which cause depolarization). The parameter σ RM is generally considered to describe random RM variations that are external but local to the radio source (e.g. Laing et al. 2008) , while the parameter ∆RM can describe both internal and external Faraday depolarization effects; for example, a linear gradient in RM across the emission region, or internal Faraday rotation in a uniform field (c.f. Sokoloff et al. 1998 , Schnitzeler et al. 2015 . In the 'short-wavelength' regime (p(λ)/p 0 > 0.5), the σ RM and ∆RM parameters produce equivalent amounts of depolarization for ∆RM ∼ 3.22σ RM . It is also worth noting that the ∆RM parameter in Eqn. 2 describes a linear gradient in RM across a flat beam profile, but to describe the more realistic case of a Gaussian beam profile one needs to divide ∆RM by a factor of 1.35 (Sokoloff et al. 1998) . Figure 3b shows how the Faraday dispersion functions (i.e. the Fourier transform of P) describe a range of behaviours from a Gaussian function (red) to a top-hat function (blue). This also describes Faraday dispersion functions similar to a "super-Gaussian" function, as presented by Anderson et al. (2016) . Delta-functions are incurred when both σ RM and ∆RM are zero. To model more complicated behaviours than shown in Figure 3 , we add extra RM components, up to a limit of three (e.g. P = P 1 + P 2 + P 3 ).
For each source, we considered one, two and three RM component models for fitting to the observed q and u data. We first fit 'Faraday thin' models in which both the σ RM and ∆RM parameters were excluded, then included σ RM only, then ∆RM only, and finally including both σ RM and ∆RM for each model. This resulted in a total of 12 models fitted to each source, from which we calculated both the reduced-χ-squared values ( χ 2 r ) and the Bayesian Information Criterion (BIC). The model with the lowest BIC value was selected as the best-fitting model (e.g. Raftery 1995) .
In order to compare the RM dispersion for each source in our sample in a consistent manner, we consider the polarization-weighted RM dispersion, defined as
We also calculate the polarization-weighted RM gradient,
We use the Galactic foreground RM reconstruction of Oppermann et al. (2015) to subtract the Galactic RM (GRM) contribution from our derived RM values and obtain the residual rotation measure (RRM). For sources with more than one RM component we calculate the polarizationweighted RM (RM wtd ) and subtract the GRM from this value (i.e. RRM = RM wtd − GRM). The polarization-weighted RM is calculated as
Subtraction of the GRM introduces a significant additional error term to the RRM (a median error of ∼5 rad m −2 for our sample), which may mask any dependence between the RRM and another variable. Thus, when checking for correlations with RRM, we also separately check for correlations with RM and GRM.
RESULTS
We first present a general overview of the results for our full sample of 100 sources, before looking at particular source properties in more detail and comparing the polarization and Faraday rotation properties of the radiative-mode and jet-mode classes. Table 1 presents the best-fit parameters for all sources (p 0, j , RM j , σ RM, j , ∆RM j , ψ 0, j ), including the χ 2 r and BIC best-fit statistics. Figure A1 shows the best-fit models overlaid on the q(λ 2 ) and u(λ 2 ) data for each source. All bestfitting models provide excellent descriptions of the data with Figure 5 . Plot of the mean intrinsic degree of polarization, p 0 , versus the total intensity spectral index (α) for each source. Blue circles: one RM component, green triangles: two RM components, red stars: three RM components. χ 2 r ranging from 0.5 to 1.7, with a median value of 1.0. A summary of the key properties of the sources in our sample is shown in Table 2 . Out of 100 sources, 37% are best fit by one RM component, 52% with two RM components and 11% with three RM components. Within the limit of our measurements, 24% of sources are classified as 'Faraday thin', meaning that they have no measurable depolarization (i.e. σ RM and ∆RM are zero for all RM components). Only 9% of all sources require one or more ∆RM parameters, while the majority (67%) of fits require one or more RM components with non-zero values of σ RM . No source had a best-fit model that required a combination of both σ RM and ∆RM parameters. Figure 4 shows the distribution of signal-to-noise ratio (S/N) in polarization for all sources. The S/N was estimated from the peak of the RM synthesis spectrum after correction for polarization bias (George et al. 2012 ), with the rms noise level calculated from the Faraday dispersion function of q and u in regions far from the peak. By splitting the sources into histograms for one, two and three RM component sources, we can see the effect of S/N on the number of fitted RM components. The one RM component sources dominate at low S/N (< 25), while the two and three RM component sources dominate at higher S/N. The median S/N for all sources is 35.5. The median S/N ratios for 1, 2 and 3 RM components are 27.4, 39.7 and 49.7, respectively. To compare the intrinsic degree of polarization between sources, we also calculate the mean intrinsic degree of polarization, p 0 , for each source (Table 2) . In Figure 5 , we show the value of p 0 for each source versus the spectral index (α). This shows the clear difference in p 0 of flat-spectrum versus steep-spectrum sources, and that no sources dominated by synchrotron self-absorption (α 0.0) violate the theoretical limit of p 0 ∼ 10%. It also shows that α = −0.3 (dashed vertical line) is a reasonable division for polarized emission coming from optically thin emission versus synchrotron self-absorbed regions. We adopt α = −0.3 as the division between steep-spectrum and flat-spectrum sources throughout. We did not find that varying this division value, Table 1 . Polarization model fit parameters, with errors in parentheses, for all sources, along with best-fit statistics.
(1) (2) (3) (4) (5) (6) (7) (8) Name for example to α = −0.5, significantly affected our results or conclusions. The median value of p 0 for all sources is 5% with a median error from the model-fits of 0.7%. The median value of p 0 for flat and steep-spectrum sources is 6.6% and 2.6%, respectively. For our full sample, the median values of RRM, σ RM,wtd , and ∆RM wtd are 9.7 rad m −2 , 14.1 rad m −2 , and 60.6 rad m −2 , with median errors of 7.5 rad m −2 , 1.8 rad m −2 , and 3.3 rad m −2 , respectively (Table 2) . One can immediately see that the typical RRM error is similar to the value of the RRM, making any potential physical relationships with RRM very difficult to detect. For the σ RM,wtd and ∆RM wtd medians, we have excluded the Faraday thin sources.
Sources that are spatially resolved (75%) have a median angular size of 28" and a median spectral index of α med = −0.82, ranging from −1.81 to −0.18. The median linear size of resolved sources is 102.2 kpc. This is consistent with the expectation that the majority of polarized sources selected at 1.4 GHz are steep-spectrum sources and have linear sizes ≫ 10 kpc. Of the 25% of sources that are still unresolved at 9 GHz (at ∼ 3" angular resolution), 80% have α > −0.3 (i.e. most unresolved sources in our sample are flat-spectrum blazars).
Total intensity morphology and the number of RM components
We use the 2.1 GHz, 5.5 GHz and 9 GHz images ( Figure B1 ) to classify the sources into broad morphological types. We label sources with distinct double-lobed structure as 'double' (e.g. Fig. B1f ) and 'double+core' when they show a bright inner jet/core component (e.g. Fig. B1g ). Sources that display a complex radio structure we denote as 'complex' (e.g. Fig. B1b ), while sources that have a bright core with weaker extended emission are labelled as 'extended' (e.g. Fig. B1n ). Unresolved sources are labelled 'unresolved'. We consider these morphology classifications as good descriptions of all the source structures observed in our sample. Overall, 20% of sources are classified as 'double', 28% as 'double+core', 22% as 'extended', 7% as 'complex', and 25% as 'unresolved' (Table 3) .
One interesting comparison to make is between the total intensity morphology classification and the number of RM components, in order to see if it might be possible to infer the physical structure of the sources from integrated polarization observations. Table 3 shows the different percentages of the morphological classes for one, two and three RM components. The values in parentheses are the percentages when excluding sources with signal-to-noise ratios lower than the median value (S/N < 35.5). Overall, there is not a one-to-one correspondence between the number of RM components and the morphological class. However, we see that the majority of 'double' sources have two RM components, with an increasing fraction at high S/N (71% have two RM components). The 'double+core' class have the largest number of three RM components sources, but appear roughly equally likely to be described by one, two or three RM components. Both the 'extended' and 'complex' morphological classes have a preference for two RM component models. The majority of 'unresolved' sources are also described by two RM components (80% of cases). It is worth noting that most of the 'unresolved' class are flat-spectrum sources, so in some cases the two RM components may be parameterising the frequency-dependent polarized emission from synchrotron self-absorbed regions (e.g. Porth et al. 2011 ).
In Table 4 , we list the median values of p 0 , RRM and σ RM,wtd for the different morphological classes. The 'unresolved' class has the lowest median p 0 of 2.8%, which is unsurprising given that these are mainly flat spectrum sources. The 'double+core' class has the highest median p 0 of 10.8%, which is significantly different than the 'double' and 'extended' classes which have similar median p 0 values of ∼6% (considering the median error in p 0 is 0.7%). There is no significant difference in RRM or σ RM,wtd between the Note: 1 -Source name; 2 -Right Ascension in J2000 coordinates; 3 -Declination in J2000 coordinates; 4 -Spectral index; 5 -Integrated total intensity at 2.1 GHz, in mJy; 6 -Redshift; 7 -Absolute value of the residual rotation measure, in rad m −2 ; 8 -polarization-weighted RM dispersion, in rad m −2 ; 9 -polarization-weighted RM gradient, in rad m −2 ; 10 -mean intrinsic degree of polarization, in per cent; 11 -polarization signal-to-noise ratio; 12 -Number of RM components; 13 -polarization spectral index; 14 -Total intensity morphology; 15 -Linear size, in kpc. 16 -Radiative-mode: 0, Jet-mode: 1. Note: Values in parentheses are for only those sources with S/N greater than the median value for the sample of 35.5. In columns (2), (3) and (4), '1/2/3 RM' is shorthand for one/two/three RM components. In column (5), 'All' refers to all sources in the sample. morphological classes, considering the median error in RRM and σ RM,wtd of 7.5 rad m −2 and 1.8 rad m −2 , respectively. In terms of linear size (l), the 'double+core' and 'extended' classes are the largest, with median linear sizes of 149 kpc and 140 kpc, respectively. The 'double' and 'complex' classes are typically more compact with median linear sizes of 68 kpc and 50 kpc, respectively. In Figures 6, 7 , and 8, we plot p 0 , σ RM,wtd , and RRM versus the linear size. We indicate the different morphological classes with different symbols. No correlations are found between these parameters and the linear size, as can be seen from the running medians (dashed lines). We expect that much larger sample sizes are needed to robustly determine any dependence of p 0 , σ RM,wtd , or RRM with linear size.
Radiative-mode AGN versus Jet-mode AGN
Our broadband polarization modelling allows us to determine both the intrinsic magnetic field properties (p 0 , ψ 0 ) and the Faraday rotation properties (RM, σ RM , ∆RM) in a robust manner. This enables us to directly investigate the physical origin of the observed difference in the integrated degree of polarization at 1.4 GHz (p 1.4GHz ) between radiative-mode and jet-mode AGN, as found in OS15. Namely that the jetmode AGN can achieve values of p 1.4GHz of up to 30%, while the radiative-mode AGN are limited to p 1.4GHz 15%. The same behaviour is observed in our current, smaller sample (see Fig. 9 ), while we also find a significant difference in p 1.4GHz between the steep-spectrum radiative-mode and jetmode sources (KS test p-value: 0.0001). The key question we wish to answer is whether the difference in p 1.4GHz is influenced more by the intrinsic magnetic field properties or the Faraday depolarization of the different source types.
There are significantly more flat-spectrum radiativemode sources (19/60) than flat-spectrum jet-mode sources (3/40). The intrinsic limit of p 0,max ∼ 10% for flat-spectrum sources (as opposed to p 0,max ∼ 70% for steep-spectrum sources) is one obvious reason why radiative-mode sources would have lower degrees of polarization, on average, than jet-mode sources. However, it would not explain why some radiative-mode sources do not achieve such high degrees of polarization as the jet-mode sources. Therefore, in comparing the intrinsic polarization and Faraday rotation properties of the two types of sources, we only consider those sources with α < −0.3 (i.e. where the polarized emission is likely coming from an optically thin region of the source). This leaves us with a small but reasonable statistical sample of 41 radiative-mode sources and 37 jet-mode sources.
The redshift distribution of the radiative-mode and jetmode sources are very different (Fig. 2) and should be kept in mind when interpreting the results presented below. However, Section 3.7 shows why the different redshift distributions of the radiative-mode and jet-mode sources are unlikely to significantly alter our conclusions. The median linear size of the resolved radiative-mode and jet-mode sources is 140 kpc and 86 kpc, respectively. This is consistent with the results from the much larger sample of OS15, and with the expectation that the radiative-mode sources produce more powerful (and larger) radio jets (Heckman & Best 2014) .
The morphological classes of the steep-spectrum radiative-mode and jet-mode sources are quite similar (see Table 5 ). The main differences are that there are no radiative-mode sources classified as 'complex' compared to 19% of jet-mode sources, and 10% of the radiative-mode sources remain unresolved. However, this difference could be explained in terms of angular resolution since all the 'complex' sources are at z < 0.25, and the unresolved sources have a median z = 2.3. Therefore, some of the high redshift 'unresolved', and also 'extended', radiative-mode sources may display more complex morphologies with better angular resolution. There is also slightly more 'double+core' class jetmode sources, and the jet-mode 'double+core' sources have a median p 0 of 21.8% while the radiative-mode 'double+core' sources have a median p 0 of only 4.4%. This emphasises that the difference in polarization properties between jetmode and radiative-mode sources is not due to radio morphology alone.
Magneto-ionic properties
In order to investigate the turbulent magnetised environments of sources with different numbers of RM components in a consistent manner, we use the polarization-weighted RM dispersion, σ RM,wtd (Eqn. 3). This provides a characterisation of the amount of Faraday depolarization for each source, and allows us to assess its impact on the observed degree of polarization at 1.4 GHz for both the radiative-mode and jet-mode sources. In Figure 9 we plot the degree of polarization at 1.4 GHz (p 1.4 GHz ) versus the polarization-weighted RM dispersion (σ RM,wtd ) for radiative-mode (blue) and jet-mode (red) AGN. There is a clear absence of sources with a high degree of polarization at 1.4 GHz and high RM dispersions, showing that Faraday depolarization is an important factor at 1.4 GHz, as would be expected. A Spearman correlation test shows there is an anti-correlation, with a correlation coefficient of −0.44 with a p-value of 0.0002. However, there are also several sources with low RM dispersions that also have low degrees of polarization at 1.4 GHz, showing the Faraday depolarization is not the main cause of the low p 1.4 GHz for these sources. There are 19 sources for which σ RM,wtd = 0 (11 radiative-mode and 8 jet-mode). These are sources which are either truly Faraday thin, or the signal-to-noise was too low for the model-fitting to recover the true σ RM value(s).
In Figure 10 , we directly compare the values of σ RM,wtd for radiative-mode and the jet-mode sources in an empirical cumulative distribution function (ECDF), excluding sources where σ RM,wtd = 0. A two-sided KS test gives no indica- Figure 11 . ECDF of the residual rotation measure (RRM) for radiative-mode (blue) and jet-mode sources (red).
tion that the underlying distributions are different (p-value: 0.17), even when sources with σ RM,wtd = 0 are included (p-value: 0.60). Another means by which to check if the magneto-ionic properties of radiative-mode and jet-mode sources are different is to use the RRM. Figure 11 shows the ECDF for the two types, and it is clear from the figure, and a KS test confirms, that there is no difference in RRM between the two samples (p-value: 0.29). Similarly, we find no difference in RM between the radiative-mode and jet-mode sources (KS test p-value: 0.78).
We can investigate the RM local to the source in another way for the 24 radiative-mode and 11 jet-mode sources that have two RM components. In several cases it is likely that the two RM components correspond to the two lobes of the radio source. Thus, we define dRM = |RM 1 − RM 2 | in order to get an estimate of the variation in the RM between the two lobes, which is most likely caused by magneto-ionic material in the local source environment. However, no significant difference between the radiative-mode and jet-mode sources is seen (KS p-value: 0.86). One may need to be somewhat cautious here in interpreting dRM because, as was found from simulations in Sun et al. (2015) , even if the input RM difference of two components is small, the fitted RM difference (|RM 1 − RM 2 |) could be significantly larger in some cases.
The effect of the number of RM components
One might expect that the number of RM components in each source could effect the observed integrated degree of polarization at 1.4 GHz in light of the vector nature of the linearly polarized emission. For example, low values of p 1.4 GHz for sources with two or three RM components could be caused by destructive interference between the components. Therefore, we again show p 1.4 GHz vs. σ RM,wtd in Figure 12 , but now display the number of RM components of each source with a different colour (Blue: one RM component, Green: Two RM components, Red: Three RM components). Here we see that the majority of the highly polarized sources at 1.4 GHz are dominated by a single RM component; although the two highest values have three RM components. Figure 12 . Plot of the integrated degree of polarization at 1.4 GHz (p 1.4 GHz ) versus the polarization-weighted RM dispersion (σ RM,wtd ), split into one RM component (blue), two RM component (green) and three RM component (red) sources.
In Table 6 , we show the percentages of one, two, and three RM components for steep-spectrum radiativemode and jet-mode sources. Approximately 57%/30% of steep-spectrum jet-mode sources have one/two RM components, whereas ∼32%/58.5% of steep-spectrum radiativemode sources are best fit by one/two RM components. The excess of one RM component sources over two RM components for the jet-mode sources, in comparison with the radiative-mode sources, appears to be one of the key reasons why jet-mode sources can achieve higher p 1.4 GHz values. The fraction of three RM components is similar for both radiative-mode and jet-mode sources.
There are several one RM component sources with p 1.4 GHz < 10%. In total, a small number of these are flatspectrum sources (3/21), indicating that the polarized emission is likely emanating from a synchrotron-self-absorbed region, and as expected, limits the the intrinsic degree of polarization to < 10%. Thus, we expect that the remaining optically-thin, low-polarization, one RM component sources have intrinsically disordered magnetic field structures, which we investigate in more detail next.
Intrinsic magnetic field order
The median value of p 0 for all steep spectrum sources in our sample is 6.6%. The median value of the Faraday depolarization (σ RM,wtd ) for all steep spectrum sources is ∼11 rad m −2 , which is only sufficient to reduce the intrinsic degree of polarization by a factor of ∼1.7 at 1.4 GHz. This means that most radio sources in our sample are dom- Figure 13 . ECDF of the mean intrinsic degree of polarization, p 0 , for radiative-mode (blue) and jet-mode sources (red).
inated by a disordered magnetic field structure. Although possible, this does not mean that the sources are dominated by a random magnetic field structure (with a uniform and symmetric jet/lobe structure) but more likely that there are significant uniform magnetic field structures but with a nonuniform and/or non-symmetric jet/lobe structure, as often seen in high-fidelity, high-resolution, polarization images of radio galaxies (e.g. Ishwara-Chandra et al. 1998). Figure 13 shows the ECDF for p 0 of each source, split into radiative-mode and jet-mode sources (again excluding flat spectrum sources). As is clear from the plot, the jetmode sources have significantly larger values of p 0 than the radiative-mode sources. This is confirmed with a KS test that strongly suggests the two samples are not drawn from the same underlying distribution, with a p-value of 0.0001. This clearly shows that the intrinsic magnetic field order is the dominant variable causing the observed difference in p 1.4 GHz between radiative-mode and jet-mode sources.
As a note, one might naively expect that p 0 increases for two and three RM component sources because we are isolating individual magnetic patches in the sources. However, two and three RM component models will always have lower values of p 01,2,3 than the individual source components (if they were resolved) because each p 01,2,3 from the modelfitting is as a fraction of the total Stokes I, not the Stokes I of each component.
Intrinsic magnetic field orientation
Our model fitting approach also recovers the intrinsic polarization angle (ψ 0 ) 5 of each RM component for each source. These ψ 0 values are of interest to compare with the jet direction, in order to determine if there is a preferential orientation of the jet/lobe magnetic field (which is orthogonal to ψ 0 ). We estimated the jet orientation by visually inspecting each image. For straight sources, our estimate of the jet orientation is highly reliable but for bent or complex source structures the estimate was poor or impossible in some cases. Figure 14 . Histogram of the absolute value of the difference in angle between the jet direction and the intrinsic polarization angle (ψ 0 ), for one RM component sources only, and split into radiative-mode (blue) and jet-mode sources (red). Figure 15 . Histogram of the absolute value of the difference in angle between the jet direction and the intrinsic polarization angle (ψ 0 ), for two and three RM component sources only, and split into radiative-mode (blue) and jet-mode sources (red).
We were able to provide reliable jet angles to 61 out of the 75 resolved sources in our sample (31 radiative-mode and 30 jet-mode). In the worst cases, we still consider the large-scale jet angle to be accurate to within 20 • . Figure 14 shows a histogram of the absolute value of the difference between the jet angle and the intrinsic polarization angle, for one RM component sources. The histogram shows a clear peak near 0 • , but only for the jet-mode sources. A small excess of radiative-mode sources is seen at 90 • . The median error in ψ 0 for one RM component sources is 2 • . Figure 15 shows the same histogram but for two and three RM component sources. The peak near zero remains for the jetmode sources but it is diluted, and a second peak appears This result is compelling given that the intrinsic polarization angle is generally considered the most poorly constrained parameter in the model fitting. All the sources considered here are dominated by optically thin emission (since all the flat spectrum sources are unresolved and thus do not have a measured jet direction). Figure 16 shows the luminosity distribution of the radiativemode and jet-mode sources, with the low/high luminosity sources effectively corresponding to the jet-mode/radiativemode sources with some overlap from ∼ 10 25 − 10 27 W Hz −1 , consistent with expectations from the 1.4 GHz radio luminosity function (e.g. Pracy et al. 2016 ). There is a well studied anti-correlation between total intensity and p 1.4 GHz for steep-spectrum sources (e.g. Stil & Keller 2015 , Lamee et al. 2016 , and since in flux-limited surveys the majority of faint sources have low luminosities, this anti-correlation can also be seen in luminosity (Banfield et al. 2011 , Banfield et al. 2014 . Additionally, OS15 found that this anticorrelation was driven primarily by the jet-mode sources. Due to the fact that the majority of jet-mode sources have low radio luminosity and the radiative-mode sources have high radio luminosity, our results in Section 3.2 can also be thought of in terms of the differences between low luminosity and high luminosity radio sources. However, since the accretion mode is related to the intrinsic jet power and hence the resultant radio luminosity (modulo the environment), we regard the luminosity as an observed effect/symptom, whereas the accretion mode and environment are the under- lying physical causes that are responsible for the luminosity differences. Therefore, we consider the radiative-mode/jetmode division as the most fundamental division from which to understand the origin of the differences in the polarization properties of radio-loud AGN.
Luminosity dependence
Intrinsic polarization angle difference in two RM component models
A total of 52 sources have best-fit models with two RM components. In these cases it is interesting to see if there is any preference for intrinsic polarization angle differences in the best fit models. Figure 17 shows that two RM component models are most often found with a polarization angle difference close to 90 • . This effect may be important to consider with regard to the probability of fitting two RM components versus one RM component, and more generally for the statistics of polarization model-fitting results (e.g. Farnsworth et al. 2011 , Sun et al. 2015 . Figure 17 also shows that there is no difference in the distribution of |ψ 0,1 − ψ 0,2 | for radiative-mode and jet-mode sources, other than radiative-mode sources having the majority of two RM component sources (Section 3.2.2).
'Faraday thin' sources
We find a total of 24 sources that are Faraday thin, in the sense that the RM components of these sources have sufficiently small Faraday depolarization (σ RM , ∆RM) across our observing band to make it unmeasurable. For example, from Figure 12 it appears this cutoff is approximately 5 rad m −2 in σ RM,wtd for most sources. Of these Faraday thin sources, 10 have one RM component, 11 have two RM components and 3 have three RM components. There does not appear to be any strong preference for a particular source morphology for Faraday thin sources, with 5/8/3/6/2 sources with unresolved/double/double+core/extended/complex morphologies. There are also roughly equal percentages of Faraday thin sources with a flat spectrum (23%) and a steep spectrum (24%). There is a slight preference for more Faraday thin sources in the radiative-mode class (62.5%) than the jet-mode class (37.5%). This preference might be explained by a higher fraction of FRII sources expected in the radiative-mode class (Best et al. 2009 ); where the extended, compact hotspots may be expected to have small enough RM dispersions to be classified as Faraday thin in our observations.
RM gradients: the ∆RM parameter
For nine sources (7 radiative-mode, 2 jet-mode), the bestfit model requires the ∆RM parameter in Eqn. 2, and not σ RM . This means that the Faraday depolarization is best described by a uniform magnetic field component, and broadly speaking, could physically mean either the presence of internal Faraday rotation or an external gradient in Faraday rotation across the emission region. Interestingly, six of these sources (J0009-3216, J0216-3247, J0222-3441, J0229-3643, J0326-3243, J0336-3616) are unresolved, flat spectrum sources (i.e. blazars). The median value of ∆RM wtd for these sources is 50 rad m −2 . Two of the three steepspectrum sources (J0342-3703: Two RM components, J1301-3226: Three RM components) have well-resolved doublelobed structures in the 4 cm band images (Fig. B3q, B5b) , while the third steep-spectrum source (J0021-3334: Two RM components) is only marginally resolved (Fig. B1h) . The median value of ∆RM wtd for these sources is 30 rad m −2 , and in all cases only one of the RM components has a non-zero ∆RM value (i.e. meaning a large difference in Faraday depolarization between the RM components).
Broadband polarization SEDs
The broadband, sparsely-sampled, integrated fractional polarization behaviour versus wavelength, p(λ), of radio sources has been studied over many years (e.g., Conway et al. 1974 , Farnes et al. 2014a ; Pasetto et al. 2016) . Interpreting the behaviour of p(λ) has been difficult due to the lack of quasi-continuous and simultaneous wavelength coverage as well as spatially resolved information for large samples of radio sources. Recently, FGC14 complied one of the largest catalogs of broadband polarization data for 951 sources from major radio surveys and other polarization data published over the last 50 years (with from 3 to 56 measurements for individual sources ranging from 400 MHz up to 100 GHz).
The common expectation for p(λ) behaviour is a monotonic decrease with increasing wavelength (depolarization). However, 21% of sources in the FGC14 catalog show repolarization (increasing p(λ) with increasing wavelength). FGC14 parameterised this behaviour by fitting a power-law to the data, p(λ) ∝ λ β , where β < 0 corresponds to depolarization and β > 0 to re-polarization. FGC14 were also able to divide their sample into flat and steep total-intensity spectrum sources, with p(λ) displaying different behaviours for the two types of sources. Most of the steep spectrum sources had β < 0 while ∼50% of the flat spectrum sources had β > 0.
Here we compare our results with FGC14 by also fitting a power-law to the 16 cm band polarization data, in Figure 18 . Plot of the power-law index, β, of p(λ) ∝ λ β versus the total intensity spectral index, α, with radiative-mode sources in blue and jet-mode sources in red. Histograms of α and β are shown on the top and on the right, respectively. The β histogram also shows the flat-spectrum sources (grey line), with all sources shown by the black line.
an attempt to identify the main causes of the different p(λ) behaviours. Figure 18 shows α versus β for all sources in our sample (for direct comparison with FGC14, fig. 7 ), while also color-coding the points to identify the radiative-mode and jet-mode sources. Overall, we have fewer flat spectrum sources in our sample compared to FGC14 (22% vs. ∼35%). This is not unexpected given that the FGC14 catalog has a significant contribution from data at 20 GHz, where flat spectrum sources become more prominent (for a fixed flux density limit) due to both their spectral index and approximately constant p(λ). However, we still find that 23% of all our sources have β > 0, in excellent agreement with the FGC14 results. Similar to FGC14, we also find that a greater fraction of flat spectrum sources have β > 0 than steep spectrum sources (39% versus 18%, respectively).
In Figure 19 , we plot β versus σ RM,wtd and color-code the points by the number of RM components to better identify the causes of different p(λ) behaviours. For sources with one RM component, β is anti-correlated with σ RM,wtd (cc: −0.6, p-value: 10 −5 ) showing that Faraday depolarization is the dominant effect in this case. The sources that deviate from this anti-correlation have two or three RM components, clearly showing that the cause of β > 0 is multiple RM components in a source (as discussed as the most likely scenario in FGC14).
FGC14 also suggested that there was a bimodal distribution in β for steep spectrum sources (i.e. two populations of depolarizing sources). In Figure 20 , we show the distribution of β for radiative-mode and jet-mode sources. By eye, the peaks of the histograms for the two types of sources ap- pear to be shifted from each other, with a median value of β med = −0.36 (β med = −0.68) for steep-spectrum radiativemode (jet-mode) sources. However, a KS test indicates that this difference is not statistically significant (p-value: 0.03). Larger samples are required to determine if there really are two populations of depolarizing steep-spectrum sources, and that these correspond to the radiative-mode and jet-mode division.
Redshift evolution
Considering the wide redshift range of our sample (0.01 < z < 2.8), it is worth investigating whether or not we can measure any redshift evolution in the magneto-ionic properties of our sample. Figure 21 shows σ RM,wtd versus log 10 (z) for the full sample. We use a Spearman rank correlation test to determine the correlation coefficient (cc) and the sig- Figure 21 . Plot of the polarization-weighted RM dispersion (σ RM,wtd ) versus the redshift (z) for all sources. Running medians shown for all sources (black dashed line), for steep spectrum sources only (cyan dashed line), and for steep-spectrum sources with only one RM component (magenta dashed line).
nificance of the correlation (in terms of the p-value). The black-dashed line shows the running median for all sources (cc: −0.05, p-value: 0.59). The cyan-dashed line shows the running median for only steep-spectrum sources (α < −0.3) and excludes Faraday thin sources (cc: −0.00, p-value: 0.97). Finally, the magenta-dashed line considers only sources with one RM component, with a steep-spectrum and again excluding the Faraday thin sources (cc: 0.17, p-value: 0.43). In all cases, the Spearman rank correlation test finds no evidence for a correlation of σ RM,wtd versus redshift.
In Figure 22 , we show the absolute value of the RRM versus redshift. The dashed lines represent all sources (black), only steep spectrum sources (cyan) and only steep spectrum sources with one RM component (magenta). For all sources, there is an slight indication of an anti-correlation of RRM with redshift (cc: −0.2, p-value: 0.04). However, there is a more significant anti-correlation between GRM and redshift (cc: −0.2, p-value: 0.01), and no correlation between RM and redshift (cc: −0.06, p-value 0.5), indicating that the GRM signature has remained in the RRM. For the steep spectrum sources and one RM component sources, the results are similar. We also checked for a correlation between the difference in RM for the two RM component sources (dRM = |RM 1 − RM 2 |) and redshift, finding no evidence for a correlation (cc: 0.01, p-value: 0.95).
Summary
Here we summarise the main results from our study.
(i) We have implemented a general QU-fitting algorithm which provides accurate model fits to the broadband polarization (1 to 3 GHz) behaviour of the 100 sources in our sample. The signal-to-noise ratio (S/N) in polarization ranges from 10 to 70, with a median S/N of 35.5.
(ii) The majority of sources are best fit by a two RM component model (52%), with the fraction increasing at higher S/N (∼62% with S/N > 35.5). A total of 11% of sources re- quire a three RM component model (∼20% for S/N > 35.5), while 37% are best fit by one RM component (∼18% for S/N > 35.5).
(iii) Almost all steep spectrum sources are spatially resolved (∼94%), with a median linear size of l med = 102 kpc. Of the sources that remain unresolved (at ∼3"), 80% are flat spectrum sources.
(iv) There is no simple relationship between the total intensity morphology of a source and the number of RM components.
(v) We find no evidence for a correlation between the linear size of a source and its magneto-ionic properties (σ RM,wtd , RRM) or the mean intrinsic degree of polarization, p 0 .
(vi) 24% of our sample have best-fit 'Faraday thin' models (i.e. σ RM,wtd = 0 and ∆RM wtd = 0). Excluding the Faraday thin sources, the median values of σ RM,wtd and ∆RM wtd are 14.1 rad m −2 and 60.6 rad m −2 , with median errors of 1.8 rad m −2 , and 3.3 rad m −2 , respectively. The median value of the RRM is 9.7 rad m −2 , with a median error of 7.5 rad m −2 .
(vii) Only 9% of sources have best-fit models that require the ∆RM parameter for Faraday depolarization. The majority (6/9) of these sources are flat spectrum sources, and the median value of ∆RM wtd is 50 rad m −2 . The three steep spectrum sources have a lower median ∆RM wtd of 30 rad m −2 .
(viii) The median values of p 0 are 6.6% for steep spectrum sources and 2.6% for flat spectrum sources.
(ix) We find an anti-correlation between the degree of polarization at 1.4 GHz (p 1.4 GHz ) and Faraday depolarization (σ RM,wtd ), with a Spearman rank correlation-coefficient of −0.44 (p-value of 0.0002).
(x) Of the steep spectrum sources, 37 are classified as jetmode AGN and 41 as radiative-mode AGN. The jet-mode AGN have significantly higher values of p 0 than radiativemode AGN (KS test p-value: 10 −4 ). No significant difference is observed in magneto-ionic properties (σ RM,wtd , RRM) between jet-mode and radiative-mode AGN. Therefore, p 0 is the dominant variable in the observed difference in p 1.4 GHz between radiative-mode and jet-mode AGN (OS15).
(xi) The intrinsic polarization angle (ψ 0 ) for jet-mode AGN shows a clear preference for being aligned with the jet direction (∼94% of jet-mode sources with ψ 0 within 20 • of jet direction), while there is no clear preference for radiativemode AGN.
(xii) The full range of power-law behaviour of sparsely sampled, broadband polarization SEDs (Farnes et al. 2014a ) is well understood from our sample in terms of Faraday depolarization and the presence of multiple RM components. We also find marginal evidence for two populations of depolarizing sources, that may correspond to the radiativemode/jet-mode division.
(xiii) We find no evidence for a redshift evolution in the magneto-ionic properties (σ RM,wtd , RRM) of our sample (0.01 < z < 2.8).
It should be kept in mind that these results are for a relatively small sample of highly-polarized AGN. In future, significantly larger samples (10 3 to 10 6 polarized sources) will allow much more robust statistics on the broadband polarization and Faraday rotation properties of extragalactic radio sources.
DISCUSSION
Extracting physically meaningful parameters from broadband polarization data
In the coming era of large-area radio surveys with modest angular resolution O(10"), the ability to accurately characterise the broadband spectro-polarimetric behaviour of the integrated emission from extragalactic radio sources is crucial for a wide range of scientific goals related to radio galaxy physics and cosmic magnetism. 6 In this paper, we have introduced a physically meaningful model (Section 2.4) that captures a wide range of possible polarization and Faraday rotation behaviour. The success of our model-fitting approach shows that we are able to reliably characterise the broadband polarization behaviour of a wide range of source types, enabling us to disentangle the intrinsic magnetic field properties (p 0 , ψ 0 ) of individual sources from the magneto-ionic material causing the Faraday rotation and depolarization (RM, σ RM , ∆RM).
The results of this work are valid for low to medium signal-to-noise ratio in polarization (10 < S/N < 70). We fit up to three RM components to each source, and to account for the dependence of the number of RM components on S/N, we have adopted polarization-weighted parameters (RM wtd , σ RM,wtd , ∆RM wtd ) for comparison between sources. It is possible that higher signal-to-noise ratio detections may require more detailed model-fitting approaches (such as those that would describe skewed or more complex Faraday dispersion functions). Anderson et al. (2016) used "super-Gaussian" functions to describe Faraday dispersion functions (FDF) ranging from a Gaussian shape to effectively a top-hat shape. This approach proved very success-6 https://www.skatelescope.org/wpcontent/uploads/2011/03/SKA-Astophysics-Vol1.pdf ful for accurately describing a wide range of complex polarization behaviour in data from 1 to 10 GHz. In principle, our approach using Eqn. 2 can describe the same range of behaviours, with the exponential-σ RM part representing a Gaussian FDF and the sinc-∆RM part representing a tophat FDF, with combinations of these parameters describing the behaviour in between. However, in practice, none of our sources require both σ RM and ∆RM parameters in a single RM component. This may indicate a limitation of the model-fitting procedure in that it cannot easily differentiate between the exponential-σ RM behaviour and the sinc-∆RM behaviour in p(λ 2 ) over a limited range in λ 2 (or possibly that the BIC model-selection criteria penalises additional parameters too heavily). Therefore, further work is required to determine which of these methods (or an alternative) provides the optimum approach.
4.2 Origin of the difference in p 1.4 GHz between radiative-mode and jet-mode AGN OS15 found a significant difference in the integrated degree of polarization at 1.4 GHz (p 1.4 GHz ) between a large sample of radiative-mode and jet-mode AGN, with the jet-mode sources extending up to values of p 1.4 GHz 30%, while the radiative-mode AGN were restricted to p 1.4 GHz 15%. OS15 discussed the origin of this observed difference in terms of the intrinsic magnetic field properties and the large scale magnetised environment of the two classes of sources. Without being able to directly distinguish between depolarization and intrinsic magnetic field disorder due to the lack of broadband polarization data, OS15 were limited to indirect measures in order to differentiate between the two. Due to the observed effects of the radio morphology and the local galaxy-density environment on p 1.4 GHz , in combination with knowledge from the literature on the range of environments of radiative-mode and jet-mode AGN, OS15 suggested that the observed difference in p 1.4 GHz was most likely due to the local environments of the radio sources, in terms of both the ambient gas density and the magnetoionic properties of this gas. Our analysis shows that jet-mode sources with high integrated polarization at 1.4 GHz have low RM dispersion, are typically dominated by a single RM component, and have a steep spectral index. We find no significant difference in the magneto-ionic properties of jet-mode AGN and radiative-mode AGN. Indeed, it is the intrinsically disordered magnetic field structures of the radiative-mode AGN that leads to the lower integrated polarization seen at 1.4 GHz (see Section 3.2). Therefore, Faraday depolarization is not the dominant effect causing the observed difference in p 1.4 GHz between radiative-mode and jet-mode AGN. The dominant effect of the intrinsic magnetic field disorder can be due to intrinsically random magnetic fields in a straight jet and/or uniform fields in a bent jet structure. It remains unclear which of these effects is key, and what role the density of the environment plays in influencing the morphology and overall magnetic field structure of the jet. This result is similar to the conclusion of Lamee et al. (2016) in which they found that the intrinsic magnetic field disorder, and not depolarization, was the dominant effect producing the observed integrated degrees of polarization at 2.3 GHz and 1.4 GHz.
As the majority of jet-mode sources have lower radio luminosity than the radiative-mode sources, these differences can also be seen as differences in the polarization properties of high and low radio-luminosity sources (e.g. Banfield et al. 2011 ). Further investigation is required, but one possibility is that the low luminosity (jet-mode) sources that can achieve high integrated degrees of polarization are predominantly FRI radio galaxies with jets that do not have any significant bends in the jet structure out to large scales. Their jets may also be orientated in the plane of the sky such that the Faraday dispersion function of the two radio jet/lobes is very similar (requiring just one RM component). Furthermore, the 'double+core' morphology jet-mode sources have the highest values of p 0 (Section 3.2). These sources are mostly like FRI sources in which the inner jet dominates the integrated polarized emission (e.g. Figures B1g, B1i, B3m) . Although there are exceptions to this (see Figure B5i) .
Since the inner jet is expected to have a highly ordered magnetic field structure (e.g. Laing & Bridle 2014) this may help explain the high values of p 0 . Also, Kharb et al. (2005) found that the cores of FRI sources had high degrees of polarization on parsec-scales, in contrast to the weak or undetectable polarization in FRII cores. FRI source morphologies become less common at higher luminosities with FRII sources tending to dominate (e.g. Best et al. 2009 ), and those high-luminosity sources that have FRI morphology are typically found in rich galaxy group and cluster environments (e.g. Gendre et al. 2013) , where the jet can be strongly disturbed and the Faraday depolarization is much higher. Indeed, the sources with low values of p 0 and 'double+core' morphology tend to be more like FRII sources (e.g. Figure B1k, B2g, B2q) .
In general, the angular resolution is too low at 16 cm and the sensitivity and image quality is too poor at 4cm to definitively classify all sources into FRI and FRII classes. High fidelity, broadband polarization imaging at higher angular resolution for a larger sample of sources (e.g. as will be provided by the VLASS) is required to determine the true nature of the difference in p 0 between radiative-mode and jet-mode sources.
Depolarization models
External Faraday dispersion
The most common type of model used in the literature to describe the depolarization of radio galaxy emission is known at 'External Faraday Dispersion' or the 'Burn-law' model (Burn 1966, eq. 23 ). In this model, the degree of polarization is modified due to a Gaussian distribution of Faraday rotating cells external to the emission region. The most likely origin of this Faraday rotation material is local to the source, for example in the magnetised intracluster medium (e.g. Laing et al. 2008) 7 . Our Eqn. 2 is equivalent to this model when ∆RM = 0 and σ RM 0. In the majority of cases (67% of all sources, 72% of steep spectrum sources) the observed depolarization in our sample is well described by external Faraday dispersion, even though in some cases the integrated p(λ 2 ) can display much more complicated behaviour than the simple exponential decrease that is expected for a well resolved emission region. In our model-fitting, this complicated behaviour is described in terms of multiple RM components (i.e. distinct emission regions of the source with different polarization and/or Faraday dispersion properties). Therefore, one would expect that the integrated emission from a double-lobed radio galaxy should be described by two RM components. This is true for the majority of sources we can identify as sources with distinct double-lobed structure (∼71% , Table 3 ), with high signal-to-noise ratio in polarization.
The 'double' sources best described by two RM components possibly have their lobes inclined in the plane of the sky such that the polarized emission from the more distant lobe will pass through more magneto-ionic material and will therefore have higher RM dispersion (Laing 1988 , Garrington et al. 1988 . Alternatively, large asymmetries in the source environment may influence the jet and lobe propagation such that their morphological and intrinsic polarization properties may be significantly different (e.g. van Breugel et al. 1985) .
Of the eleven 'double' sources with two RM components, five are Faraday thin. These may be FRII sources whose compact hotspots dominate the polarized emission and have little Faraday depolarization. Of the remaining six sources, five display behaviour more typical of the 'LaingGarrington' effect with large asymmetries in Faraday depolarization between the two RM components, with only one having very different values of p 0 . The 'double' sources that are best described by one RM component (Table 3) may have their lobes orientated such that their polarized emission propagates through approximately equal amounts of magneto-ionic material, or one lobe may be completely depolarized across our observing band.
Rotation measure gradients
Only a minority (9%) of sources show depolarization that is best described by the sinc-∆RM function (with σ RM = 0), and only 3% are steep-spectrum sources. In the case of a well resolved emission region, such depolarization behaviour is usually associated with internal Faraday rotation (Burn 1966) , however for unresolved sources it is also possible that a smooth gradient in RM across the emission region is causing this behaviour (Sokoloff et al. 1998) .
It is interesting that most sources that show this behaviour are flat spectrum sources (i.e. blazars). It is worth noting that the applicability of our model for optically thick or synchrotron self-absorbed regions is theoretically questionable since it does not account for the intrinsic degree of polarization varying as a function of frequency due to the unity optical depth surface moving further upstream in the jet at higher frequencies. We suspect that such an effect is not a large concern over our frequency range (1 to 3 GHz) but could certainly be important over much larger ranges of frequency (e.g. O'Sullivan & Gabuzda. 2009b) .
Smooth gradients in Faraday rotation both perpendicular to and parallel to blazar jets on parsec scales have been found by many studies (e.g. Asada et al. 2002 , O'Sullivan & Gabuzda 2009a , Hovatta et al. 2012 . Transverse RM gradients are often associated with the toroidal or helical magnetic field structure of the jet, while RM gradients along the jet are natural to expect for an expanding jet in a stratified environment. While we cannot distinguish between these possible scenarios, it does suggest that broadband spectropolarimetry of the integrated emission from blazars can potentially select interesting targets for follow-up studies with VLBI (see Anderson et al. 2016 for further discussion on this topic).
Two of the steep-spectrum 'double' sources described by the ∆RM depolarization have two RM components, while the other has three RM components. In each case, the depolarization of one component is much larger than the other(s), suggesting large differences in the magneto-ionic environment of both lobes. Observations showing large-scale RM gradients across radio galaxy lobes are not very common, however there have been some recent examples (e.g. Guidetti et al. 2011 , Guidetti et al. 2012 , Gabuzda et al. 2015 . Indeed, Guidetti et al. (2012) proposed a model of a radio galaxy interacting with its environment in a way which could produce these ordered RM structures and also had large depolarization asymmetries between the two lobes. These studies strongly suggest that these smooth RM structures are directly related to the radio galaxy and are important for investigating the physics of radio galaxies and how they interact with their environment. Follow-up studies with better, arcsecond-scale polarization imaging would provide important tests of the reliability of our polarization modelling technique to identify these type of sources in future largearea radio surveys.
Magnetic field geometry
In Section 3.2.4 we found that the intrinsic polarization angle was preferentially aligned with the jet direction in the jetmode AGN. This result is obviously biased towards sources with straight jets because these are the source in which we could reliably measure the jet direction. Sources with complicated or bent morphologies were excluded from the analysis.
The typical kpc-scale magnetic field geometry found in straight FRI radio sources is initially longitudinal but becomes mainly toroidal in the more extended regions of the source (e.g. Laing & Bridle 2014) . While there is not a oneto-one correspondence between jet-mode AGN and FRIs, the jet-mode AGN dominate the low-luminosity end of the 1.4 GHz radio luminosity function (< 10 25 W Hz −1 ) while the traditional FRI/FRII luminosity divide also occurs at ∼ 10 25 W Hz −1 . Therefore, it is likely that the sources we detect with their intrinsic magnetic field orientation perpendicular to the jet direction are FRI sources in which their extended jet/lobe regions dominate the integrated polarized flux. This discovery also provides more confidence that our model-fitting technique can reliably separate the intrinsic magnetic field properties from the magneto-ionic properties of radio sources and is extracting physically meaningful parameters.
There was also a clear difference in the results between jet-mode and radiative-mode AGN, since the radiative-mode AGN had no clear preference for the orientation of the intrinsic polarization angle with respect to the jet direction. However, the radiative-mode AGN were more commonly best-fit by two RM components compared to the jet-mode AGN which have a larger fraction of one RM component sources. This means that in general the precision with which the intrinsic polarization angles are determined in radiative-mode sources is lower than in jet-mode sources. There is some slight evidence for peaks at 45 • and 90 • for the radiativemode sources (Figs. 14, 15 ) but a larger sample with better signal-to-noise ratio and/or better angular resolution is required to determine if these peaks are real.
Similar studies have been conducted before (e.g. Gardner & Whiteoak 1966 , Clarke et al. 1980 ) finding peaks near both 0 • and 90 • . However, these studies did not account for the presence of multiple RM components in their integrated polarization measurements. High angular resolution studies of FRII radio galaxies find that the magnetic fields tend to be longitudinal, however there was no preferred orientation at the hotspots (Saikia & Salter 1988) . This is important because the highly-polarized hotspot emission is likely to dominate the integrated emission in FRII radio sources. Therefore, if the high-luminosity radiative-mode AGN are dominated by FRII morphologies, then it is unsurprising we do not detect any clear relationship between the intrinsic polarization angle and the jet direction.
Cosmic evolution of magnetic fields
Mapping out the evolution of cosmic magnetic fields is a key science goal for the SKA and its pre-cursors, as well as being the topic of many studies to date (c.f. Johnston-Hollitt et al. 2015 , Taylor et al. 2015 . Recently, Farnes et al. (2014b Farnes et al. ( , 2016 provided one of the most statistically robust assessments of the evolution of magnetic fields in galaxies, indicating that a galactic 'dynamo' can rapidly amplify the strength and coherence of magnetic fields by z ∼ 1, to similar levels as seen in galaxies in the local Universe. However, the sources studied in this paper are typically more sensitive to magnetic fields on larger scales, such as the intragroup/cluster medium and the extended halo of the radio source host galaxy.
The redshift of the Faraday screen is expected to decrease the rest-frame RM and RM dispersion to the observed values by a factor of (1 + z) 2 (e.g. Hammond et al. 2012) . Therefore, for a sample of sources with identical magnetoionic properties but placed at different z, we expect to observe an anti-correlation between RRM (and σ RM ) with z. However, for the RRM there are several possible contributors along the line of sight, such as the magneto-ionic material local to the source, in the intergalactic medium, and from intervening galaxies. Additionally, the subtraction of the GRM model also introduces significant uncertainties (Oppermann et al. 2015) . The location of the material influencing σ RM is much clearer. Many studies have concluded that, outside of lines of sight through the Galactic plane, the dominant contribution is local to the source, for example in the intracluster/group and host galaxy medium in which the radio galaxy is embedded (Leahy 1987 , Garrington & Conway 1991 , Laing et al. 2008 , Farnes et al. 2014a , Lamee et al. 2016 .
The fact that we observe no anti-correlation of RRM or σ RM with z (Section 3.7) suggests that either the magnetoionic material surrounding radio galaxies was denser at earlier times or that the scatter in our measurements is too large to detect such an evolution given our small sample size. Indeed, if the electron density in the intergalactic medium was higher in the early Universe, as seems reasonable to assume (e.g. Rees & Reinhardt 1972 , Kronberg et al. 1972 , Pshirkov et al. 2015 , then B | | is naively expected to decrease with z. Hammond et al. (2012) analysed the largest sample of RRM(z) to date of 3,651 sources and found no evolution in the observed RRM with z (over a range of 0 < z < 5.3). This is consistent with the results from our much smaller sample, but which has much higher precision RRM measurements. Lamee et al. (2016) detected weak evidence of an anticorrelation of depolarization with z for a sample of 49 steepspectrum, strongly depolarizing sources. Even when we consider only those sources with one RM component, with a steep-spectrum and with σ RM 0 (24 sources), we still do not detect any statistically significant relation between σ RM and z. This discrepancy may be due to the different sample selections (highly polarized sources selected at 1.4 GHz here versus ∼unbiased selection at 2.3 GHz in Lamee et al. 2016) or due to the different ways of quantifying the depolarization (σ RM versus D = p 1.4 GHz /p 2.3 GHz ). Although we also do no find a relation with z if we estimate the depolarization D in an identical manner. Clearly, much larger samples are required, in comparison with realistic models, to determine the true nature of the evolution of magneto-ionic material with redshift.
CONCLUSIONS
This paper presents the results of a broadband, spectropolarimetry analysis of 100 radio AGN with the Australia Telescope Compact Array, using data from 1 to 10 GHz. From the Hammond et al. (2012) catalog, the sources were selected to be highly polarized at 1.4 GHz, to have a known redshift, and to be at least 20 • in latitude from the Galactic plane. We have implemented a general purpose QU-fitting procedure that accurately describes the wide range of broadband polarization behaviour observed from 1 to 3 GHz in our sample of radio AGN. The higher frequency data from 4 to 10 GHz were used to determine the morphology of the sources at high angular resolution. Most importantly, this study shows how we can reliably determine the intrinsic magnetic field properties (p 0 , ψ 0 ) and the magneto-ionic properties (RM, σ RM , ∆RM) from the integrated emission of extragalactic radio sources, using our polarization modelfitting approach.
We find that 37%/52%/11% of our sample requires one/two/three RM components to describe the observed broadband polarization behaviour (for polarization signalto-noise ratios ranging from 10 to 70). However, the fraction of two and three RM components increases with signal-tonoise ratio. A total of 24% of sources are classified as Faraday thin, in the sense that the best-fit model did not require Faraday depolarization (σ RM = 0, ∆RM = 0). Most steep spectrum sources are resolved (94%), with a median linear size of 102 kpc, while the sources that remain unresolved at ∼3" angular resolution are mainly flat spectrum sources (80%).
In general, our analysis shows that sources with high integrated polarization at 1.4 GHz (p 1.4 GHz ) have low Faraday depolarization, are typically dominated by a single RM component, have a steep spectral index, and a high intrinsic degree of polarization. There is no simple relationship between the total intensity morphology of a source and the number of RM components. More generally, we show that previous results on the broadband, sparsely-sampled polarization behaviour of radio sources can be well understood in terms of multiple RM components combined with the effect of Faraday depolarization.
We find no evidence for a correlation between the linear size of the radio sources and their magneto-ionic or intrinsic polarization properties. There is no evidence for an observed redshift evolution of the magneto-ionic properties of our sample (0 < z < 2.8). However, the strength of these conclusions are limited by the small sample size.
By identifying the accretion mode in the host galaxy of the radio sources, we classified our sample into radiativemode and jet-mode AGN. This allows us to investigate the origin of the observed difference in p 1.4 GHz between radiative-mode and jet-mode AGN, as found in O' Sullivan et al. (2015) . While we find an anti-correlation between p 1.4 GHz and the Faraday depolarization for all sources, we find no significant difference between the magneto-ionic environments in jet-mode and radiative-mode AGN. However, there is a statistically significant difference in the mean intrinsic degree of polarization, p 0 , between the two types, with the jet-mode sources having more intrinsically ordered magnetic field structures than the radiative-mode sources. We also find a preferred perpendicular orientation of the intrinsic magnetic field structure of jet-mode AGN with respect to the jet direction, while no clear preference is found for the radiative-mode sources. Double-lobed sources with a bright core/inner jet region have the highest integrated degrees of polarization in our sample, but interestingly it is only the jet-mode AGN which show this. The physical origin of this behaviour is unclear, but may be related to the inner jet regions of FRI radio galaxies where the magnetic field is expected to have a high degree of order.
Overall, this study paves the way for future broadband and spectro-polarimetric studies with large-area surveys (e.g. VLASS, ASKAP-POSSUM) that will measure the polarization and Faraday rotation properties of hundreds of thousands of radio-loud AGN. This will enable much greater statistical power for determining the magnetised properties of radio AGN and their environments, and in using these sources as accurate statistical probes of foreground magnetoionic material. , through project number CE110001020. This research has made use of: the NASA/IPAC Extragalactic Database (NED) which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with NASA; NASA's Astrophysics Data System Abstract Service; the 2dF/6dF Redshift Surveys, which were compiled from observations made with the 2-degree Field and 6-degree Field on the Anglo-Australian Telescope; TOPCAT, an interactive graphical viewer and editor for tabular data (Taylor 2005); Ned Wright's online Javascript cosmology calculator (Wright 2006) . Figure A1 . Plots of q(λ 2 ) (steel-blue, solid) and u(λ 2 ) (dark-salmon, dashed) for all sources, overlaid with the best-fit model. Figure A1 -continued Plots of q(λ 2 ) (steel-blue, solid) and u(λ 2 ) (dark-salmon, dashed) for all sources, overlaid with the best-fit model. Table A1 . This table is an excerpt of the q(λ 2 ) and u(λ 2 ) data for each source shown in Figure A1 , and that is available in full online. 
APPENDIX B: IMAGES OF ALL SOURCES
In Figures B1, B2 , B3, B4, B5, we include the full-bandwidth total intensity images for all sources from 1 to 3 GHz, 4.5 to 6.5 GHz and 8 to 10 GHz, as well as the band-averaged polarized intensity distribution from 1 to 3 GHz, obtained by using RM synthesis. Figure B1 . Images of the total intensity (black contours) and polarization morphology (greyscale) for each source from the 16 cm data. High resolution 4 cm images shown in magenta contours (4.5 to 6.5 GHz) and red contours (8 to 10 GHz). Beam-sizes of low and high resolution images shown in bottom-left corner of each sub-image. Figure B2 . See Figure B1 caption.
